ABSTRACT | This study aims to investigate the effects hyperoxia/hyperbaria on both oxidative stress and antioxidant response. To this purpose two different protocols were performed at rest conditions: (1) fifteen male divers (age of 28.9 ± 5.3 years) simulated immersions at resting conditions in a hyperbaric chamber (HBO) at a depth of 40 m seawater for 30 min; (2) nine healthy male subjects (age of 25.3 ± 1.2 years) breathed pure oxygen for 30 min. Oxidative stress biomarkers in the plasma were monitored before and during the 3 h after the exposure. Total antioxidant capacity significantly decreased immediately at the end of both HBO and pure oxygen exposures (-19% and -16%, respectively; p < 0.001), and thereafter increased during the recovery period. Concentrations of protein carbonyls, assessed as a marker of protein oxidation, significantly increased after both HBO (+52%, p < 0.001) and pure oxygen (+65%, p < 0.05) exposures, but following different kinetic pathways. A significant increase (+21%; p < 0.0001) in thiobarbituric acid-reactive substances, assessed as a marker of lipid peroxidation, was found only after HBO, attaining the maximum concentration at about 1 h after the end of exposure. The values of all the examined parameters returned back to the basal levels within 3 h of the recovery phase. HBO exposure probably resulted in a more pronounced ROS formation, and this can be explained by taking into account that ROS leakage by mitochondria is believed to increase in direct proportion to the oxygen pressure rise.
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Subjects and Study Design
INTRODUCTION
Oxygen is required to sustain life, but too much oxygen is toxic due to excessive production and accumulation of reactive oxygen species (ROS) which are normally generated in human cells during aerobic metabolism [1] . Hyperoxia is a popular model of oxidative stress [2] , however, routinely, but prudently, used in clinical (hyperbaric chamber, high-dose O2 to treat or prevent hypoxemia and tissue hypoxia) and nonclinical (scuba diving) settings. Scuba diving is characterized by hyperoxia resulting from hyperbaric exposure during diving and oxygen availability due to high pressure. The combination of hyperbaria and physical activity present in scuba diving was reported to lead to an oxidative stress condition [3] . In comparison with dry hyperbaric chambers, the physiological stress of scuba diving is greater because of additional factors such as immersion, exercise, and cold water. Nevertheless, the simple exposure to hyperbaric oxygen (HBO), by increasing oxidative burst, seems to be enough to lead to an increased ROS formation able to produce cellular damage [4] , such as lipid peroxidation as well as protein and DNA oxidation [5] . The cellular response to HBO-induced oxidative stress has been mainly investigated in animal models [6] , while only a few human studies are reported [7] .
HBO leads to an increase of dissolved oxygen in the blood, which is the reason why it has been successfully used as an adjunctive therapy for several pathophysiological conditions, including decompression sickness, acute carbon monoxide intoxication, soft tissue infections, and radiation necrosis [8] . However, the increased pressure could also facilitate free radical production so that tissue damage may occur.
Breathing pure oxygen at a concentration greater than 21%, the normal percentage present in the air at sea level, also increases ROS production, and the severity of oxygen toxicity increases with increasing the inspired pO2 and the exposure duration. In hyperoxia (HO), multiple signalling pathways determine a pulmonary cellular response: apoptosis, necrosis, or repair. Therefore, understanding the effects of oxygen exposure is important to prevent inadvertent oxidative damage caused by hyperoxia in patients requiring supplemental oxygenation.
The aim of the present study was to test in humans how a short period (30 min) of hyperbaric hyperoxia would influence oxidative stress generation. To evaluate the contribution of different components in the response to hyperbaric exposure, some oxidative stress indices as well as plasma antioxidant levels were separately measured in the blood samples collected during both hyperbaric exposure in a pressure chamber (HBO) and normobaric hyperoxic exposure sessions.
MATERIALS AND METHODS
Subjects and Study Design
The study was carried out following two separate protocols. Protocol 1: hyperbaric chamber (HBO); protocol 2: hyperoxia exposure (HO, see Figure 1 ). The protocol of both experiments was in accordance with the Declaration of Helsinki for research on human subjects and was approved by an institutional Ethical Committee. All subjects were informed on the purpose and demands of the study before giving their written consent to participate.
Protocol 1 (HBO)
Protocol 1 consisted of a simulated diving session in a hyperbaric chamber at the Hyperbaric Medicine and Intensive Care Unit, Nagar Hospital (Pantelleria, Sicily) at least two weeks after the last seawater dive.
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Fifteen healthy males, aged 28.9 ± 5.3 years (mean ± standard deviation, SD), height 1.75 ± 0.08 m, weight 71.87 ± 11.19 kg, average body mass index (BMI) 23.4 ± 1.7 kg/m 2 , volunteered to take part in this study. The subjects were all non-smoker scuba diving professionals. All participants, at the time of the study, had a valid medical certificate for diving. The test was administered in a dry hyperbaric chamber on air compressed to a pressure equivalent to 40 meters depth of seawater. Divers performed the simulated immersion with a descent rate of 8 m/min, 30 min rest at 40 m and ascent rate to decompression depths of 10 m/min for a total time of 40 min in which they breathed atmospheric air. Subjects were exposed to 100% oxygen at a pressure of 2.2 atmospheres absolute (ATA). The chamber air temperature was maintained at 24-26°C.
Protocol 2 (HO)
The protocol was designed to investigate whether hyperoxia alone is able to induce scuba divingassociated changes in oxidative stress. Nine healthy physically active non-smokers male subjects aged 25.3 ± 1.2 years, height 1.79 ± 0.04 m, weight 79.89 ± 9.67 kg, average body mass index (BMI) 24.9 ± 2.8 kg/m 2 , volunteered to take part in this study where they were exposed up to 30 min at greater than 99% normobaric oxygen at rest.
Experimental Procedure
Subjects were instructed to refrain from strenuous exercise and to ingest their habitual diet during the 48 h preceding each experimental session. All of 
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them did not take any antioxidant dietary supplementation or routine medication for at least one month before the study.
A catheter was inserted into forearm vein and was kept patent by flushing with normal saline. Each subject had 3 ml of blood drawn, collected in heparinized vacutainer tubes, and centrifuged at 1000 g for 10 min at 4°C to obtain the plasma. Venous blood samples were drawn at rest before the simulated diving session or hyperoxia exposure (basal sample) and immediately and at 1, 2, and 3 h. The plasma samples were then immediately stored in multiple aliquots at -80°C until assayed.
Urine samples were collected at rest and at 3 h. Aliquots were stored at -80°C until analysed. Samples were thawed only for the analyses, which were performed within two weeks from the collection.
Antioxidant in both hydrophilic and lipophilic plasma compartments are actively involved as a defence system against ROS, which are continuously generated. Because of the difficulty in measuring each antioxidant component separately and interactions among antioxidants, methods have been developed to assess the total antioxidant status of the serum or plasma. 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)-equivalent total antioxidant capacity (TAC) assay, a widely used kitbased commercial method (Cayman Chemical, Ann Arbor, USA) was used and the reaction mixtures were incubated for 3 min at room temperature and then read by an Infinite M200 microplate reader spectrophotometer (Tecam, Austria). A linear calibration curve was built up from pure Troloxcontaining solutions.
In the plasma, the major radical damage comes from lipid peroxidation. This process leads to reactive intermediates formation such as malondialdehyde (MDA) and carbonyl compounds. The assessment of thiobarbituric acid-reactive substances (TBARS) levels is a well-established method in order to detect lipid peroxidation. A TBARS assay kit (Cayman Chemical), which allows a rapid photometric detection at 532 nm of the thiobarbituric acid malondialdehyde (TBAMDA) adduct, was used. A linear calibration curve was obtained from pure MDA-containing solutions.
The accumulation of oxidized proteins was determined by measuring the content of reactive carbonyls. A protein carbonyl assay kit (Cayman Chemical) was used to quantify colorimetrically oxidized proteins. The samples were read at 370 nm, as described in detail by the manufacturer. Obtained values were normalized to the total protein concentration in the final pellet (absorbance reading at 280 nm) in order to consider protein loss during the washing steps, as suggested by the kit's user manual.
A multitude of products is generated by the radical attack against DNA. 8-Hydroxyl-2′-deoxyguanosine (8-OH-dG) has been established as a marker for oxidative DNA damage. This compound has been quantified in excreted urine at basal level and 3 h after the exposure sessions. A commercial ELISA kit (Cayman Chemical) for the measurement of 8-OH-dG was utilized.
Urinary concentrations of 8-OH-dG, like any other urinary marker, vary considerably. As such, urinary parameters, including 8-OH-dG are usually estimated based on the amount of creatinine excreted in the urine when the collection of the 24 h urine is not possible. Indeed, in humans, in the absence of renal disease, the excretion rate of creatinine keeps relatively constant. Thus, urinary creatinine levels may be used as a standardization index. A creatinine assay kit (Cayman Chemical) was used to measure creatinine levels in the urine samples. Creatinine concentration was determined using a provided creatinine standard curve.
Statistical Analysis
Statistical analysis was performed using the GraphPad Prism package (GraphPad Prism 6, GraphPad Software Inc., San Diego, CA, USA). Data are expressed as mean ± SD. Experimental data were analysed using repeated Shapiro-Wilk test and compared by variance analysis, ANOVA repeated measures, with Tukey's multiple comparison test to further check the among-groups significance. A p value < 0.05 was considered statistically significant.
RESULTS
No significant differences were observed in the general anthropometric features of the subjects of both the evaluated groups. The basal levels of the examined biomarkers are reported in Table 1 . No significant differences were observed in TAC, protein carbonyl (PC), and 8-OH-dG concentrations in the subjects recruited for both the experimental proto-
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cols. On the contrary, significantly higher (+62%; p < 0.01) TBARS values were found in the subjects belonging to the HBO group. TAC significantly decreased immediately at the end of both HBO and HO exposures (-19% and -16% respectively; p < 0.001), and thereafter increased during the recovery period returning back to the basal level after 3 h ( Figure  2A) .
The plasma concentrations of PC, assessed as a marker of protein oxidation (Figure 2B ), significantly increased after both HBO (p < 0.001) and HO (p < 0.05) exposures, but following different kinetic patterns, coming back to the basal levels within 3 h of recovery. In the HBO group, PC level reached its maximum 2 h after the end of exposure (+52%), then coming back to the basal level. On the other hand, in the HO group the maximum level was reached earlier, just at the end of exposure (+65%), and the return to the basal value was more rapid as well. A significant increase (+21%; p < 0.0001) in TBARS, assessed as a marker of lipid peroxidation (Figure 2C) , was found only after HBO, attaining the maximum level at about 1 h after the end of exposure.
The 8-OH-dG levels obtained before and at 3 h of recovery are displayed in Figure 3 . As shown in the figure, HBO exposure led to significantly higher (+110 %; p<0.001) oxidative DNA damage levels with respect to the data recorded after HO exposure.
DISCUSSION
Oxygen is life essential but, like a drug, it shows a maximum positive biological benefit and accompanying toxic effects. It is widely accepted that oxygen toxicity is primarily a consequence of an excess of ROS production and a subsequent failure of the antioxidant system in neutralizing the induced oxidative stress condition. Multiple oxidative stress biomarkers were monitored in the present study, considering that oxidative damage cannot currently be reliably described by a single parameter. Although the effects of HBO on oxidative stress in the blood were reported in previous studies [3] [4] [5] 7] , most of them collected only a few samples after the exposure, only partially explaining the discrepancy with respect to most of the literature. In fact, the practice of the vast majority of the relevant studies to collect a single blood sample immediately after the end of the experiment could potentially lead to inaccurate conclusions. Indeed, the results shown in the present study clearly suggest that, taken as a single one, different sampling times after exposure may lead to different conclusions about the induced oxidative stress responses. In fact, non-uniform changes in the marker levels were found: both transient (i.e., TAC) and prolonged (i.e., PC, TBARS) changes were observed. As a matter of facts removal of oxidative damage biomarkers from blood is a time-consuming process. Protein oxidation is known to occur during high doses of HBO, and it may be an earlier and wider spread event than lipid peroxidation. Studies have shown that protein damage by oxygen radicals precedes the onset of lipid peroxidation and occurs independently of membrane lipid damage [9, 10] .
HBO induces acute oxygen toxicity similar but not identical to that observed from breathing in normobaric hyperoxia. In normobaric hyperoxia, oxygen pressure is a tightly regulated system in providing an oxygen level just to perform normal metabolic functions, but low enough to minimize potentially dangerous ROS production [11] . During a 30-min oxygen tolerance test at sea level, characterized by 100% oxygen breathing at a partial pressure of 280 kPa (i.e. 2100 mm Hg), protein carbonyls were found to increase as well as total thiol proteins to decrease significantly, when compared to air breathing [12] . Protein degradation, generated by HO, was clearly 
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increased in the absence of detectable lipid peroxidation products: this was reported to occur at low ROS concentration levels [9] . Increased proteolysis was suggested to occur independently of membrane damage and to be a more sensitive indicator of cell exposure to oxygen radicals with respect to lipid peroxidation [13] . Membrane lipid peroxidation process has been reported as one of the primary events in oxidative cellular damage and shown to be associated with fine structure disturbance and subsequent function loss of biological membranes. In the present study, oxidative biomarkers production was measured when coming back to normobaric conditions. As well known, the return to normobaria and normoxia is accompanied by vascular vasodilatation so that membrane changes might have been induced by HBO exposure, persisting even after returning to normobaric conditions. During hyperbaric hyperoxia, the body compensates the increased oxygen stimulus with a number of adaptive mechanisms. A vasoconstriction response helps to reduce the amount of oxygen delivered to the brain and tissues [14] . Although this adaptive mechanism is not present in the HO response, it might be suggested as the cause of the higher lipid peroxidation recorded after the HBO session.
Endogenous antioxidant defence systems are enhanced to fight induced oxidative stress. However, sometimes these responses are inadequate and the scales between oxidative stress condition and cellular protection are tipped, as shown in the present study by the TAC level decrease recorded just after the end of both HO and HBO sessions. Plasma TAC increase 
recorded later in the recovery period suggested that HBO and HO exposure activate the body's antioxidant defenses. Mobilization of tissue antioxidant stores into the plasma [15] , is probably one of the mechanisms responsible for TAC increase after both HBO and HO exposures. This is a widely accepted phenomenon that would help maintain or even increase plasma antioxidant status in times of need [16] .
HBO group showed high levels of DNA damage after exposure, when compared to the subjects of the other examined group. A similar finding after HBO exposure was previously reported [17] .
LIMITATIONS
The presence of increased TBARS levels found in the subjects belonging to the HBO group was previously observed in patients exposed to consecutive HBO treatment (1 session/day) according to a routine therapy protocol [8] . Indeed, because of their activity (diving), the HBO subjects were exposed to repeated hyperbaric-hyperoxic events. Thereafter physiological exposure to scuba diving led to a permanent oxidative stress condition. The selected subjects' sample and the stressor condition (depth) might limit the generalization of the study. However, dry chamber exposure would not be wise for sedentary or nontrained people because of the associated physiological stress.
Although many markers are available to assess oxidative stress, in general, every assay shows advantages and disadvantages. For example, there are some doubts about the validity of the TBARS assay in detecting lipid peroxidation in vivo, because the assay is not specific to malondialdehyde, and lipid peroxidation is not the exclusive source of malondialdehyde [18] . However, in accordance with previously reported data [8] , the plasma accumulation after HBO exposure was so significant that, in the present context, data interpretation did not appear to lead to particular problems.
CONCLUSIONS
In conclusion, short (30 min) hyperbaric hyperoxic (at a depth of 40 m) or hyperoxic exposures were enough to induce changes in the antioxidant status and oxidative stress. The combination of hyperbaria and hyperoxia, present in a hyperbaric chamber, led to a condition of oxidative stress greater than that generated by hyperoxia exposure. HBO exposure probably resulted in a more pronounced ROS formation. This can be explained by taking into account that ROS leakage by mitochondria is believed to increase in direct proportion to the oxygen pressure rise [19] 
